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A population of hematopoietic progenitors becomes committed within the embryo proper in the floor of the aorta
(P-Sp/AGM in the mouse). In birds, this first aspect of intraembryonic hematopoiesis is prominent during embryonic day
3 (E3) as endothelium-associated “intra-aortic clusters.” Between E6 and E8, diffuse hematopoiesis then occurs as
“para-aortic foci” located in the dorsal mesentery ventral to the aorta. These foci are not associated with endothelium.
Whether these two hematopoietic cell populations arise from distinct or common progenitors is not known. We could
recently trace back the origin of intra-aortic clusters in the avian embryo by labeling aortic endothelial cells (EC) in vivo
with acetylated low-density lipoproteins. This approach established the derivation of early intraembryonic hemopoietic
cells from the endothelium, but did not indicate how long during ontogeny such a relationship may exist, since the progeny
of EC labeled at E2 could be traced for 1–2 days at most. Here we report that, when E2 aortic ECs were infected prior to the
formation of intra-aortic clusters with a nonreplicative LacZ-bearing retroviral vector, numerous cells were labeled in the
para-aortic foci at E6. In contrast, when the retroviral vector was inoculated at E4 rather than E2, that is, after the
disappearance of intra-aortic clusters, no cells in the para-aortic foci were labeled. Taken together, our results demonstrate
that ECs from the aortic floor seed the two aspects of aorta-associated hemopoiesis and that these ECs with hemangioblastic
potential are present only transiently in the aorta. © 2000 Academic Press
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Growing evidence indicates a specific step in develop-
ment during which cells with a characteristic endothelial
phenotype, i.e., integrated in a vascular wall, are capable of
giving rise to hematopoietic cells. These “hemangioblasts”
may be better described as “hemogenic endothelium” ac-
cording to Jordan’s (1916) terminology. What is not known,
however, is whether the emergence of hematopoietic pro-
genitors, which occurs later in development, necessarily
proceeds from hemogenic endothelium. We thus became
interested in tracing the developmental processes occurring
in the avian embryo prior to the formation of discrete
hematopoietic organs.
The aortic region is recognized as a site where hemato-
poietic stem cells (HSC) are produced in amphibians, birds,
and mammals during development (Chen and Turpen,
1 To whom correspondence should be addressed. Fax: (1) 48 73 43
77. E-mail: jaffredo@infobiogen.fr.
204995; Dieterlen-Lie`vre, 1975; Cormier et al., 1986; Cumano
t al., 1996; Medvinsky and Dzierzak, 1996; Tavian et al.,
996; Dieterlen-Lie`vre et al., 2000). In birds, two different
spects of this aorta-associated hematopoiesis are sequen-
ially visible during development. (1) The intra-aortic clus-
ers are small groups of hematopoietic cells tightly associ-
ted with the endothelium at embryonic day 3–4 (E3–E4)
hich bud into the lumen of the aorta (Dantschakoff, 1909;
abin, 1917; Dieterlen-Lie`vre et al., 1977, 1981; Jaffredo et
l., 1998). (2) The para-aortic foci are the seat of diffuse
ematopoiesis in the mesentery ventral to the aortic floor
etween E6 and E9 (Miller, 1913; Dieterlen-Lie`vre and
artin, 1981). The hematopoietic nature of the cells in the
ara-aortic foci has been inferred from their intense baso-
hilia and by the expression of numerous hematopoietic-
pecific molecules, such as a2b3 integrin, c-kit receptor,
the CD34-related MEP-21 antigen (Lampisuo et al., 1998;
McNagny et al., 1997), the lymphoid-specific transcription
factor Ikaros (Liippo and Lassila, 1997), the CD45 antigen
(Jaffredo et al., 1998), and the glycoprotein GPIIb–IIIa (Ody
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205Tracing the Hemangioblast in the Embryoet al., 1999). Intra-aortic and para-aortic hematopoiesis do
not derive from yolk sac progenitors, as has been estab-
lished in yolk sac chimeras (Dieterlen-Lie`vre and Martin,
1981). The maximal development of para-aortic foci coin-
cides with the first colonization period of several hemato-
poietic organ rudiments, suggesting that these foci might be
the source of colonizing HSC. Indeed cells from the foci
have lymphoid potential and are capable of colonizing the
spleen, the bursa of Fabricius, and the thymus (Lassila et al.,
1979, 1980; Dunon et al., 1998, 1999).
We previously demonstrated, by cell tracing with acety-
lated low-density lipoproteins (acLDL), that the intra-aortic
hematopoietic clusters derive from cells that, earlier on,
had an endothelial phenotype (Jaffredo et al., 1998). More-
over, we identified a subpopulation of hematopoietic cells
which ingressed ventrally into the mesenchyme. Here,
using a nonreplicative retroviral vector permitting long-
term tracing, we show that the para-aortic foci originate
from intra-aortic cluster cells, themselves derived from
endothelial cells (EC). Taken together our data demonstrate
that the emergence of HSC within the embryo is a unique
event which occurs early during development.
MATERIAL AND METHODS
Retroviral Constructs and Cell Lines
Nonreplicative spleen necrosis virus (SNV) vectors were engi-
neered with a sh ble<lacZ gene or a sh ble<nls lacZ gene (Fig. 1).
Sh ble<lacZ is a fusion gene between the phleomycin resistance
gene and the lacZ gene (Baron et al., 1992). The fusion protein
contains both selection (the sh ble moiety) and reporter (the LacZ
moiety) properties. Sh ble<nls lacZ contains a nuclear localization
sequence (nls) which drives the fusion protein into the nucleus
(Cayla, France).
SNV sh ble<lacZ was constructed by digesting the CXL vector
(Mikawa et al., 1991) (kindly provided by Drs. Brown and Mikawa)
with SalI and HindIII (Biolabs) to remove the lacZ gene. After gel
purification, the 3840-bp vector fragment was blunted with the
Klenow large polymerase fragment (Promega). The 3463-bp sh
ble<lacZ fragment was cut away from pUT535 (Baron et al., 1992)
with PstI/XhoI, blunted with T4 DNA polymerase (Biolabs), and
ligated into the blunted SNV vector. pUT 535 is a plasmid carrying
sh ble<lacZ under the control of the CMV promoter.
SNV sh ble<nls lacZ was constructed in two steps. First, the sh
ble<nls lacZ fusion gene was modified to obtain a XhoI site
immediately downstream of the 39 end of the gene. Briefly, an
EcoRV/ApaI fragment encompassing the 39 half of the gene was
removed from pUT 651, a plasmid containing the sh ble<nls lacZ
gene under the control of the CMV promoter, and was replaced by
a similar EcoRV/ApaI fragment isolated from sh ble<lacZ in pUT
35. This fragment has a XhoI site 20 bp downstream of the stop
odon. The new sh ble<nls lacZ gene was isolated from pUT 651
y PstI/XhoI, blunted, and ligated into the blunted SNV vector
pened by SalI/HindIII to create SNV sh ble<nls lacZ.
Cell lines DSH134G (Martinez and Dornburg, 1995) and QT6
(Moscovici et al., 1977) were cultured under standard conditions as
previously described (Gautier et al., 1996, 2000). To generate the
Copyright © 2000 by Academic Press. All rightSNV sh ble<lacZ retroviral vector-producing cell lines, SNV con-
structs were transfected into DSH134G packaging cells in six-well-
plates (Corning) at 2 3 105 cells per well using the Transfectam
reagent (Promega) and selected with 50 mg/ml phleomycin (Cayla).
The plasmids (usually 1 mg) were introduced into the cells accord-
ng to the supplier’s specifications except that 250 ml of the
transfection mix was used per well instead of 500 ml. Cells were
seeded the day before transfections. Each colony was tested for viral
production. The most efficient virus-producing clones were se-
lected and amplified in culture.
To determine the viral titer, QT6 cells were seeded in six-well
plates 24 h before infection (2 3 105 cells/well) and infected with
serial (decimal) dilutions of cell-free virus containing medium.
Two days later, the infected cells were washed twice with PBS
supplemented with Ca21 and Mg21, fixed for 5 min with 2%
formaldehyde (Merck, France)/0.1% glutaraldehyde (Serva, France),
washed in PBS, and processed for the LacZ assay.
Harvesting and Concentration of Viral Particles
Harvesting and concentration were performed as previously
described (San Clemente et al., 1996; Gautier et al., 1996). Con-
entration was achieved in Centripreps 1001 (Amicon Corp.) ac-
cording to the supplier’s recommendations. A 1003 concentration
factor was routinely obtained.
Inoculations
Brown Leghorn (JA 57 strain) chick embryos were staged accord-
ing to Hamburger and Hamilton (HH) (1951). Intracardiac inocula-
tions were performed in HH12–13 (16 to 19 somites), HH18–19
(E3), or HH23–24 (E4) chick embryos. HH12–13 embryos were
visualized by injecting an India ink solution (Pelikan) 1/1 in PBS
into the subgerminal cavity. Embryos were inoculated into the
heart through a slit in the body wall with 0.3–0.5 ml viral super-
atant. The suspension was gently flushed into the heart through a
orosilicated glass needle with a tip of approximately 30 mm and
ecame distributed in the vascular tree of the embryo. A 1003
oncentrated vector supernatant supplemented with 100 mg/ml
olybrene (Sigma) and 0.001% fast green (Sigma) was used.
Polystyrene Beads
These microspheres (Interfacial Dynamics Corp. USA) are nega-
tively charged with sulfate, thus mimicking the charge surface of
the viral particles, and are stable at a wide range of pH. They have
the same size as the viral particles and, being coupled to FITC, are
visible under UV illumination.
Cytochemistry and Cytology
The embryos were stained in toto for X-gal (Jaffredo et al., 1993;
Hlozanek et al., 1995) and sectioned transversally on a Leitz
cryostat as previously described (Hlozanek et al., 1995; San Cle-
mente et al., 1996). Sections were observed with a Nikon micro-
scope equipped for transmission and epifluorescence. In the case of
embryos older than E5, sections were restained for LacZ before
immunological staining.
For CD45, Quek-1/VEGF-R2, or anti-macrophage immunostain-
ing, embryos were fixed in 4% paraformaldehyde in 0.12 M
s of reproduction in any form reserved.
206 Jaffredo et al.FIG. 1. Structure of the SNV-derived, nonreplicative retroviral vectors. 59 and 39 long terminal repeats are shown as open boxes. An arrow
indicates the direction of transcription from the promoter in the left-hand LTR. Bold lines between the LTRs denote SNV sequences. The
fusion genes between the phleomycin resistance gene (Sh ble in green) and the lacZ genes (cytoplasm-directed LacZ or nucleus-directed
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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207Tracing the Hemangioblast in the Embryophosphate buffer, rinsed three times in 0.12 M phosphate buffer,
and transferred in a solution containing phosphate buffer 0.12
M/saccharose 15% (Merck) for 24–48 h. Embryos were then
impregnated in phosphate buffer 0.12 M/saccharose 15%/gelatin
7.5% for 1 h at 37°C and embedded in the same solution at room
temperature. When solidified, they were frozen in isopentane
(Prolabo) at 265°C for 1 min and immediately transferred to 280°C
and kept there until cryostat sectioning. Eight- to ten-micrometer
serial sections were deposited on Superfrost Plus slides (Menzel
Gla¨ser, Germany). Slides were stored at 280°C until use.
Immunohistochemistry
Monoclonal antibodies against chick CD45 (IgG2a subclass),
chick panmononuclear phagocytes CV 68.1 (IgG1 subclass), and
anti-chick mature tissue macrophages CV-74.2 (IgG1 subclass)
were supplied by ID-DLO (The Netherlands) (Jeurissen et al., 1988).
In order to detect tissue macrophages, a 1/1 mix of CV-68.1 and
FIG. 3. HH13 chick embryo, shortly after inoculation with FIT
remains contained in the aortae, indicating that the endothelium is
frozen section of a young embryo). Bar, 100 mm.
LacZ in blue) are indicated. The nuclear localization sequence i
packaging of virions are indicated as psi (c). Plasmid sequences fla
bove the sequence are those used to insert the fusion genes. The
IG. 2. Hematopoietic cells in the aortic region at E3, E4, E7, and E
A) E3, double anti-VEGF-R2 and anti-CD45 immunostaining. Tyram
hosphatase detection (red). Gizzard level where the clusters are no
ells and red hematopoietic cells. Note the presence of few CD451
B) E4, anti-CD45 antibody. Tyramide amplification. Brown HRP d
D451 cells are found in the dorsal mesentery. Darker CD45111
nti-CD45 (red) and anti-macrophage (brown) double staining. Tyra
Less numerous anti-macrophage-positive cells are scattered at the
treated methyl green-pyronin staining. The very large para-aortic focus
Copyright © 2000 by Academic Press. All rightCV-74.2 was used. Monoclonal antibody Quek-1 (IgG1 subclass,
kindly provided by Dr. A. Eichmann), which recognizes avian
VEGF-R2 (Eichmann et al., 1997), was also used.
Immunostaining for Quek-1/VEGF-R2, CD45, or CD45/anti-
acrophage was performed using modified protocols implement-
ng tyramide amplification (NEN Life Science) as previously de-
cribed (Jaffredo et al., 1998).
RESULTS
Developmental Mapping of Para-aortic Foci
in the Chick
The CD45 surface antigen, present on all leukocytes, was
used to identify the hematopoietic nature of intra-aortic
clusters and para-aortic foci. It is expressed on hematopoi-
etic progenitors and tissue macrophages, both abundant in
njugated polystyrene beads. 12th somite level. The fluorescence
ermeable to viral-sized particles (the aortae appear flattened in this
icated as a pink box. Encapsidation sequences required for the
g the LTRs are derived from pBR 322. Restriction sites indicated
site is the unique remaining site from the initial polylinker.
oss sections). Ao, aorta; C, coelom; TD, thoracic duct; V, vertebrae.
amplification. VEGF-R2 HRP detection (brown) and CD45 alkaline
prominent. The floor of the aorta is a mosaic of brown endothelial
that have ingressed in the ventral aspect of the aorta. Bar, 70 mm.
ion. The hematopoietic clusters have disappeared. Large groups of
rophages sit at the periphery (arrowheads). Bar, 140 mm. (C) E7,
amplification. The para-aortic focus contains mostly CD451 cells.
iphery of the focus (arrowheads). Bar, 200 mm. (D) E8, computer-C-co
not ps ind
nkin
XbaI
8 (cr
ide
t very
cells
etect
mac
mide
peris made of basophilic cells. Bar, 250 mm.
s of reproduction in any form reserved.
b
1
C
l
2
l
c
p
i
t
fl
t
h
L
c
s
l
b
w
(
t
s
L
t
a
a
W
208 Jaffredo et al.the embryo at the stages analyzed. However, this antigen is
expressed at a higher level on macrophages, being detect-
able on these cells without any amplification procedure
(CD45111). When this procedure is applied, it becomes
impossible to distinguish hematopoietic progenitors from
macrophages. Thus double staining for CD45 and
monocyte/macrophage-specific antigens was used to dis-
criminate between the two cell populations.
At HH17–18 (E3), the aortic floor-derived CD451 cells
egin to ingress in the dorsal mesentery (Jaffredo et al.,
998; Fig. 2A). At that time, a scattered population of
D45111 macrophages is already visible in the whole
embryo as previously described by Cuadros et al. (1992). At
day 4 (HH23–24) while intra-aortic clusters have disap-
peared, loose aggregates of CD451 cells are prominent in
the dorsal mesentery (Fig. 2B). These groups of cells are
frequently associated with the thoracic duct or other ves-
sels developing in this area. From E6 to E8, the para-aortic
foci (Miller, 1913; Dieterlen-Lie`vre and Martin, 1981) are
widespread between the aorta and the pulmonary arteries,
parallel to the jugular veins, and in the dorsal mesentery
between the lungs down to the mesonephros level. Many
macrophages were found scattered in all embryonic tissues.
In the foci, tissue macrophages preferentially distribute at
the periphery while cells in the center of the foci do not
express or express poorly the CD45 antigen (Fig. 2C).
Inoculated Latex Beads Do Not Leak Out from the
Early Chick Vascular System
In order to ascertain that injected retroviral vectors could
label only EC lining the vascular tree, and determine
whether the embryonic endothelium was not leaky to viral
particles at the time of inoculation, FITC-labeled latex
beads were inoculated in the heart of three HH13 chick
embryos. These beads have approximately the same elec-
tric charge and size as virus particles (100 nm). Fluores-
cence was always restricted to the vessels (Fig. 3), even
though the vascular walls had not differentiated yet around
the endothelial tree, composed of a single layer of endothe-
lial cells at this stage (Hungerford et al., 1996; Anstrom and
Tucker, 1996). Thus the embryonic blood vessels appear
impermeable to virus-sized particles and the inoculation
procedure is mild enough not to induce rupture of the
vessel walls.
Retroviral Tracing of EC Derivatives
Concentrated, nonreplicative, SNV vectors (5 3 104 to
105 viruses) carrying either the nuclear or the cytoplasmic
acZ reporter genes (Fig. 1) were inoculated in the heart of
7 HH12–13 chicken embryos. Twelve hours to 2 days
ater, i.e., at various times during the period in which HC
lusters thrive and disappear, the embryos were fixed and
rocessed for LacZ staining. At the earliest stage examined,
.e., 12 h after inoculation, few LacZ1 cells were detected in L
Copyright © 2000 by Academic Press. All righthe vasculature (Figs. 4A and 4B). Only those in the aortic
oor were CD451 (Fig. 4B). In the caudalmost levels, the
wo aortae had not fused yet and the intra-aortic clusters
ad not yet developed. One to 1.5 days after inoculation,
acZ1-labeled cells were scattered everywhere in the vas-
ular tree, in particular around the aorta. In the roof and
ides of this vessel, these cells had the typical flat endothe-
ial phenotype while, in the floor, flat cells as well as round
udding cells were labeled (Fig. 4C). When labeled cells
ere clustered, these clusters were composed of few cells
one to four) which had either a budding CD451 (Figs. 4C
and 4D) or a flat phenotype. By comparison with the aspect
of embryos sacrificed 12 h after inoculation, some of the
labeled cell groups exhibited a striking growth (compare
Figs. 4A and 4D). In these groups, flat and budding cells
never coexisted. In the dorsal mesentery, isolated cells,
similar to those revealed by acLDL uptake, were also
labeled (Jaffredo et al., 1998). In the caudalmost regions,
these cells were observed just beneath or attached to the
aortic endothelium (not shown). This is in agreement with
the interpretation that these cells progressively ingress into
the dorsal mesentery, in parallel with the cephalocaudal
developmental gradient of the embryo. Levels from leg to
tail bud never displayed LacZ staining. As these levels begin
to develop at HH15–16, 6 to 9 h after the viral inoculation,
it is likely that free infectious viral particles were no longer
present then. In particular the allantois never displayed
LacZ1 cells. Indeed allantoic and embryonic circulations
become connected at the beginning of the third day (Cap-
rioli et al., 1998).
In order to determine the schedule of ingression into the
dorsal mesentery, embryos were inoculated with the nls-
lacZ-bearing SNV retroviral vector at E2 (HH12–13), E3
(HH18–19), or E4 (HH24) and were allowed to develop until
E4–E4.5 (3 embryos inoculated at E2) or E6–E7 (12 embryos
inoculated at E2, 20 at E3, 7 at E4). The nuclear-localizing
LacZ was used because restriction to the nuclear compart-
ment made the combined detection of b-galactosidase ac-
ivity and membrane-bound antigens easier. In embryos
ubjected to CD45 immunocytochemistry at E4–E4.5, all
acZ1 cells in the dorsal mesentery were CD451 (Figs. 4E
and 4F); cells labeled while inserted in the endothelial tree
gave rise to hematopoietic cells which further ingressed in
the mesentery. In contrast, no LacZ1/CD451 cells persisted
in the aortic endothelium at E4–E4.5 (Figs. 4E and 4F). The
presence of numerous LacZ1, CD451 HSC in the subendo-
helial space indicates that hemopoietic cells multiply
ctively between E4 and E7.
Embryos double stained with LacZ plus anti-CD45 were
nalyzed at E6–E7 after inoculation at E2, E3, and E4.
hether the embryos were inoculated at E2 or E3, LacZ1
cells were visible both among endothelial cells in the aorta
and among hematopoietic cells in the mesentery. CD45
staining was displayed by both LacZ1 and LacZ2 cells.acZ1 cells exhibited no preferential distribution in the
s of reproduction in any form reserved.
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209Tracing the Hemangioblast in the Embryofoci, being found either in the center or in the periphery of
the hematopoietic foci or near the cardinal veins. LacZ1
cells were often aggregated in small groups, which probably
are clones (Figs. 4G and 4H). When the embryos were
inoculated at E4, no labeled cells were found at E6.5 in
para-aortic foci, while they were present, often as single
cells, in the aortic endothelium, cardinal veins, and most
vessels of the embryo.
DISCUSSION
The cell-tracing experiments reported here are part of an
endeavor to understand the commitment and segregation of
HSC during ontogeny. It is increasingly clear that these
events occur over a longer period of development than was
previously thought; indeed the consensus now holds that,
in mammals as in birds, a distinct generation of intraem-
bryonic HSC follows the yolk sac progenitor generation
(Cumano et al., 1996; Medvinsky and Dzierzak, 1996; Pallis
et al., 1999), the HSC being produced at these two periods
from different areas of the mesoderm. In birds, we have
shown that the mesoderm of the allantois sustains a similar
contribution still later (Caprioli et al., 1998).
In all these sites, the emergence of HSC requires complex
ellular interactions and molecular activities. Concerning
ellular interactions, we think it is important to understand
hether the hemangioblast step is obligatory. Passage
hrough a progenitor with an endothelial phenotype is
ndicated in the avian embryo by our tracing experiments
Jaffredo et al., 1998) and in the mouse embryo by clonal
ultures of cells sorted for endothelial-specific surface mol-
cules (Nishikawa et al., 1998; Hamaguchi et al., 1999).
Several gene knockouts in mice affect both the endothelial
and the hematopoietic lineages (reviews in Orkin, 1998;
Suda et al., 2000). However, as these knockouts are lethal
arly in development; it is impossible to know whether the
mergence of hematopoietic progenitors after the yolk sac
tage is precluded in the absence of endothelial progenitors.
n some cases, the analysis of chimeras obtained from
ild-type and knocked out ES cells has demonstrated that
everal genes play a critical role in the commitment to both
ineages (Shalaby et al., 1997; Visvader et al., 1998; Fong et
al., 1999). In view of these developmental intricacies, we
have wondered whether the emergence of HSC might
proceed directly from the mesoderm later in development.
The avian embryo appeared particularly appropriate to
address this question, because early processes of diffuse
hematopoiesis are prominent, well documented, and easily
accessible to dynamic studies. We have previously substan-
tiated the developmental relationship between the endothe-
lium of the two primitive dorsal aorta rudiments and the
intra-aortic hematopoietic clusters (Jaffredo et al., 1998),
which appear in the floor endothelium, beginning at the
level at which the rudiments fuse. In this earlier approach,
acLDLs, used as endothelial-specific labels by virtue of their
Copyright © 2000 by Academic Press. All righteceptor-mediated uptake, were integrated in EC within 3
o 4 h of injection, i.e., prior to the appearance of the
lusters. The clusters, when they became typically delami-
ated, were labeled.
The question remained whether the para-aortic foci also
erive from the aortic endothelium. In contrast to the
ntra-aortic clusters, the para-aortic foci, which acquire
heir full extent between E6 and E8, do not display any
lear-cut link with the endothelium of blood vessels. They
re located in the chicken embryo mesentery exactly ven-
ral to the site where the intra-aortic clusters were previ-
usly located. LDLs are not an adequate tool to study cell
ynamics after 2 or 3 days because they become diluted by
ell divisions. A retroviral vector engineered with the LacZ
eporter gene was used in the present work to follow the
mbryos for 3 days more. The origin of peri-aortic hemato-
oiesis from the early aortic floor is clearly demonstrated
ith this novel labeling scheme. Numerous cells within
he para-aortic foci and a few within the aorta expressed the
eporter gene when the “hemogenic endothelium” of the
ortic rudiments had been labeled at E2 or when the
lusters themselves had been labeled at E3. Furthermore
he number of labeled cells increased significantly between
3 and E7–E8. In contrast labeling was absent whenever the
ector was introduced after E3. Hematopoietic cells which
elaminate from the aortic floor appear to have two options.
ither they are released at E3–E4 into the bloodstream,
resumably to differentiate into the erythroid pathway
ither directly or after becoming expanded in the yolk sac
Beaupain et al., 1979), or they ingress into the dorsal
mesentery and multiply there. A small number of these
cells are probably destined to colonize the rudiments which
become attractive to progenitors in this region, namely the
spleen and the thymus, while most undergo erythropoiesis
or granulopoiesis (Dieterlen-Lie`vre and Martin, 1981) in the
foci.
Structures similar to para-aortic foci were recently re-
ported during mouse development. Although less promi-
nent than their avian counterpart, cells groups localized in
the mesenchyme ventral to the mouse aorta are endowed
with hematopoietic attributes, namely, some cells express
GATA-3 (Manaia et al., 2000), AA4 (Petrenko et al., 1999),
and CD34 (Wood et al., 1997; Garcia-Porrero et al., 1998).
These striking similarities plead for the existence of a
common pathway in the evolution of aortic-derived cells.
Compared to the LDL labeling used in our previous
approach, which resulted in labeling all cells in the endo-
thelial tree, the retroviral vector labeled single scattered
cells, indicating that cell groups labeled 1–2 days later are
possibly clones. Cell groups labeled 12 to 24 h after inocu-
lation are very small. Interpreting this feature must, how-
ever, take into account the fact that, when a cell integrates
the vector, only one of the two daughter cells is supposed to
inherit the vector (Roe et al., 1993). Moreover there is a
delay between when the virus is inoculated and when it
s of reproduction in any form reserved.
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binding to host cell receptor, internalization of the virion,
reverse transcription, and integration will together contrib-
ute to a delay. Although this time period has not been
directly measured, it can be estimated between 15 and 24 h
(Hughes et al., 1981; Fekete et al., 1994). Hematopoietic cell
FIG. 5. Schematic representation of the formation of para-aortic f
brown, CD45 in red.
FIG. 4. Retroviral tracing of LacZ1 cells in the aortic endothelium
later at E3 (C, D), 44 h later at E4 (E, F), and 5 days later at E7
(LacZ/VEGF-R2/CD45)-stained embryo, A, LacZ, and B, VEGF-R2/
15 and 20 h to integrate and express the transgene. Bar, 120 mm. (C
aorta (arrowheads). (C) Single LacZ1 cells with a hematopoietic ph
LacZ1 hematopoietic clusters side by side with a LacZ2 cluster.
aortic clusters. Bar, 80 mm. (E, F) Double staining for LacZ and
n the dorsal mesentery are CD451 (arrowheads) and two LacZ
(G, H) Double staining for LacZ and CD45. (G) Low magnificati
hages, see also Fig. 2C) scattered around the para-aortic foci (arro
Bar, 60 mm. (H) Higher magnification of the region framed in G.
Bar, 120 mm.
Copyright © 2000 by Academic Press. All rightroups were still labeled when inoculations were performed
t E3, but not at E4, indicating that the hemogenic capacity
f the endothelium in this region is very restricted in time.
The small groups of cells, which as discussed above
ncreased in size with developmental time, were easily
iscerned. They had two distinct aspects depending on their
endothelium-derived hematopoietic cells. VEGFR2 expression in
bryos were inoculated at HH13 and examined 12 h later (A, B), 24 h
H). AO, aorta; CV, cardinal vein; N, notochord. (A, B) A triple
5; at this time, few LacZ1 cells are present since it takes between
acZ labeling. LacZ1 endothelial cells are present in the roof of the
ype are inserted in the aortic floor. Bar, 140 mm. (D) Detail of two
LacZ1 circulating cells may have been released from the intra-
45. Hematopoietic clusters have disappeared. Three LacZ1 cells
lls in the aortic endothelium are CD452 (arrows). Bar, 65 mm.
f a focus. Note the presence of CD45111 cells (probably macro-
ads). CD452 LacZ2 cells in the center are probably erythroblasts.
the presence of numerous LacZ1 cells among the foci (arrows).oci by. Em
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212 Jaffredo et al.location; groups sitting in the roof or sides of the aortic
endothelium always displayed the flat phenotype of EC and
were VEGF-R21; cell groups sitting in the aortic floor had
he budding phenotype of hematopoietic cells and were
D451 at E3. The most striking finding about these cell
groups is that they never comprised the two types of cells,
namely flat/VEGF-R21/endothelial or budding/CD451/
ematopoietic. This finding converges with our previous
cLDL data and with the results of yolk sac hemangioblast
lonal cultures (Eichmann et al., 1997): VEGF-R2 cells
orted out from the early chicken blastodisc and seeded in a
emisolid permissive medium gave rise to both endothelial
nd hematopoietic colonies but to no mixed colonies,
recluding direct identification of a bipotential precursor in
he avian system. It thus appears that commitment to the
ematopoietic fate in the avian embryo involves an abrupt
witch and the extinction of a previous cell identity prob-
bly through asymmetric cell division; this switch is also
ndicated by the disappearance of one surface antigen
VEGF-R2) and the appearance of another (CD45) on these
ells (Jaffredo et al., 1998).
In conclusion, this dynamic study of chick intraembry-
nic hematopoiesis indicates that this process represents
he evolution of a generation of cells arising from the
ndothelial floor of the aorta, which undergoes (1) commit-
ent to a new fate, (2) amplification, (3) migration, and (4)
ifferentiation (Fig. 5). As early as 1908, based on a descrip-
ive study, Dantschakoff (1909) reported that the cell aggre-
ates of the aortic wall were budding on both aspects of the
ndothelium and suggested that some cells from the intra-
ortic clusters entered the dorsal mesentery. The present
nalysis documents this filiation and the scheduled progres-
ion of this cell generation born from the aortic endothe-
ium. We have determined previously the origin of these
ells by two types of experimental approaches. First, chi-
eras, in which a quail embryo was grafted onto a chick
olk sac, yielded evidence that both intra-aortic clusters
nd para-aortic foci were formed in situ rather than yolk sac
erived (Dieterlen-Lie`vre and Martin, 1981). Second, trans-
lantations of mesoderm subdivisions (somites, lateral
late) gave information on the distinct origins of the various
omponents of the aortic endothelium: the roof and sides
rise from somites, while the floor is built from splanchno-
leural mesoderm (Pardanaud et al., 1996; Pardanaud and
ieterlen-Lie`vre, 1999). These origins explain why the
emangioblastic potential is restricted to the floor of the
orta. With the present labeling approach, we trace the
rigin of these cells in situ before their commitment to the
rogress of hematopoiesis. These transplantation and in
itu labeling strategies yield congruent information about
ntraembryonic hematopoiesis. We plan to document by
imilar methods whether in the allantois a “hemogenic
ndothelium” is also the rule and whether bipotential cells
rom this endothelium are the ones that colonize the bonearrow.
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